Hansel NN, Robinson DN, Sidhaye VK. Cigarette smoke disrupts monolayer integrity by altering epithelial cell-cell adhesion and cortical tension. .-Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and mortality. Cigarette smoke (CS) drives disease development and progression. The epithelial barrier is damaged by CS with increased monolayer permeability. However, the molecular changes that cause this barrier disruption and the interaction between adhesion proteins and the cytoskeleton are not well defined. We hypothesized that CS alters monolayer integrity by increasing cell contractility and decreasing cell adhesion in epithelia. Normal human airway epithelial cells and primary COPD epithelial cells were exposed to air or CS, and changes measured in protein levels. We measured the cortical tension of individual cells and the stiffness of cells in a monolayer. We confirmed that the changes in acute and subacute in vitro smoke exposure reflect protein changes seen in cell monolayers and tissue sections from COPD patients. Epithelial cells exposed to repetitive CS and those derived from COPD patients have increased monolayer permeability. E-cadherin and ␤-catenin were reduced in smoke exposed cells as well as in lung tissue sections from patients with COPD. Moreover, repetitive CS caused increased tension in individual cells and cells in a monolayer, which corresponded with increased polymerized actin without changes in myosin IIA and IIB total abundance. Repetitive CS exposure impacts the adhesive intercellular junctions and the tension of epithelial cells by increased actin polymer levels, to further destabilize cell adhesion. Similar changes are seen in epithelial cells from COPD patients indicating that these findings likely contribute to COPD pathology. cigarette smoke; epithelial barrier; cortical tension; E cadherin; COPD CHRONIC OBSTRUCTIVE PULMONARY disease (COPD) is the third leading cause of death in the US (26). Cigarette smoke (CS) is the primary agent that drives disease development and
progression (2, 10, 29, 32, 44) . CS affects the entire respiratory epithelium and promotes both chronic bronchitis through airway wall remodeling and increased mucous secretion (4) , as well as emphysema through destruction of alveolar walls (18, 39) . A recent study demonstrates that current and former smokers with preserved lung function have more respiratory symptoms, greater number of respiratory exacerbations, and greater airway wall thickening than healthy controls who have never smoked (43) . Thus the scope of CS-related lung disease may be larger than originally thought.
The airway epithelium, situated at the interface between the external environment and the lung parenchyma, acts as a barrier that protects the subepithelial tissue from inhaled noxious stimuli. Three intercellular junctional complexes (the tight junctions, adherens junctions, and desmosomes) join neighboring cells together to form this barrier. In response to repetitive smoke exposure, decreases in several epithelial tight junction and adherens junction proteins have been observed (15, 16, 31, 34, 38) . However, the effects of the changes on the actin cytoskeleton, which interacts with these junctional proteins to cause CS to compromise monolayer integrity, are poorly understood.
E-cadherin (encoded by CDH1) is a key transmembrane protein in the adherens junction complex. It contains an extracellular domain that joins neighboring cells and an intracellular domain that links to the cell's actin cytoskeleton. Normally, this protein is inserted in the membrane where it mediates cell adhesion, but upon proteolytic cleavage, a shorter soluble form is generated that weakens cell-cell adhesion, influences its interaction with the actin cytoskeleton, and leads to the initiation of signaling cascades important in tissue repair (17, 30, 46) . E-cadherin is thought to play a role in small airway remodeling with increased epithelial-to-mesenchymal-transition in response to CS and in COPD (24) . Moreover, of 114 plasma biomarkers studied in the COPDGene cohort, decreased peripheral blood CDH1 levels correlated with increased signs of emphysema (7) . CS decreases E-cadherin (24, 27) , but it is not known whether this decrease influences the ability of cells to form a tight monolayer. E-cadherin's extracellular domains form catch-slip bonds to link neighboring epithelial cells together. These bonds are stabilized by linking E-cadherin's intra-cytoplasmic tail to the cell's actin-myosin cytoskeleton (5, 6, 23, 45) . The cell cortex, the thin outermost layer of the cytoskeleton that is tethered to the plasma membrane, is composed of densely packed crosslinked actin filaments, myosin II motors, and actin-binding proteins. This network of proteins creates contractility and tension in the cell which maintains cell shape. Many proteinprotein interactions are stabilized by an optimal level of cortical tension (8) , and for E-cadherin to provide strong sustained adhesion between epithelial cells, it must be coupled to the actin cytoskeleton (9) . In a homeostatic state, the adherens junctions are stabilized by a balance between the adhesive forces pulling cells together and the opposing contractility and tension in the cell. Extreme tension (either too high or too low) weakens the adhesive bonds, either by failing to stabilize them (too low cortical tension) or by overwhelming them so that they break (too high cortical tension) (41) . Thus this cortical tension, exerted by cytoskeletal proteins, is essential to cellular shape and adhesive systems. Cigarette smoke reduces the abundance of key adhesive proteins (24, 27, 40) , yet how this influences the cell's cortical tension has not been explored. Therefore, we hypothesized that cigarette smoke alters monolayer integrity by increasing cell contractility and tension, thereby decreasing cell adhesion. These combined changes lead to sustained increases in epithelial monolayer permeability in the airways of patients with COPD.
MATERIALS AND METHODS
Airway epithelial cell culture. Primary normal human bronchial epithelial (NHBE) cells (Lonza) or primary epithelial cells isolated from bronchial brushings of normal or COPD patients (former smokers ages 50 -68 with a 25-to 40-pack year smoking history and Gold Stage II-III disease) were grown on collagen-coated inserts (Falcon) at 37°C with 5% CO 2 in bronchial epithelial growth media (Lonza). Institutional approval for the use of materials and data from human subjects has been obtained. Once cells formed a confluent monolayer, they were allowed to differentiate on air-liquid interface (ALI). All primary cells (either commercially obtained or patient-derived) were analyzed after 4 -6 wk on ALI, at which time the cells are terminally differentiated, form a tight monolayer, with optimal ciliogenesis, ciliary beat frequency and air-surface liquid height as described in the literature (13, 42) . Cells were harvested and lysed using RIPA buffer, and protein yield was quantified using the BCA protein assay kit (Thermo Scientific).
Immortalized human airway epithelial cells (HBEC-3KT cells, gift of John Minna, U.T. Southwestern) were cultured on inserts (Falcon) at 37°C with 5% CO 2 in keratinocyte serum-free media with supplements (Invitrogen). These cells are a patient-derived primary airway epithelial cell line immortalized with hTERT and cdk4, yet preserve epithelial properties with tight junction and adherens junction formation (14, 25) . Cells were harvested and lysed using RIPA buffer and protein yield was quantified as above.
Lung tissue sections. Fresh frozen tissue sections or paraffin embedded tissue sections from healthy controls and from patients with COPD were obtained from the Lung Tissue Research Consortium (LTRC). The healthy controls had no known history of lung disease. The COPD patients had an FEV 1 between 50 and 80% and had a 30 -50 pack year smoking history.
Cigarette smoke exposure. For whole CS experiments, cells were exposed to CS in a smoke chamber (Vitrocell). The Vitrocell smoke chamber delivers either whole CS or humidified air to the apical surface of the cell monolayer, which closely simulates what smokers experience (1, 22, 33) . Briefly, cell inserts with confluent monolayers on ALI for 4 -6 wk were then placed in the Vitrocell smoke chamber and CS or humidified air was puffed onto the apical surface of the epithelial monolayer. One CS exposure consisted of 2 cigarettes which each burned for~8 min using the ISO puff regimen (one 35-ml puff every 60 s with an 8-s exhaust). A minimum of 2 h elapsed between consecutive smoke exposures. Control inserts were exposed to humidified air in the chamber and 10 min of humidified air was considered 1 exposure.
For experiments using cigarette smoke extract (CSE), 100% CSE was produced by burning 1 research cigarette (University of Kentucky research cigarettes) through peristaltic pumping into 25 ml of cellspecific media. The peristaltic pump was programmed to burn one cigarette in 6 min; 100% CSE was diluted to a working concentration of 10% using cell specific media. One milliliter of 10% CSE was applied to the apical surface of a 6-well insert containing a confluent monolayer. A 2-h incubation period was considered 1 CSE exposure. Prolonged exposure (CSE ϫ3) was carried out over 2 days as follows: on day 1, cells were incubated in 10% CSE for 2 h followed by a 2-h rest period in fresh media, followed by 2 h in 10% CSE. CSE was removed overnight and cells were incubated in fresh media over this time period. On day 2, the cells were exposed to 4 h of 10% CSE. For control inserts, 1 ml of cell-specific media was applied to the apical surface, for matching time points to the CSE-exposed cells.
FITC-dextran paracellular permeability assay. Paracellular permeability was assessed using the FITC-dextran assay, as described previously (35) . Briefly, following experimental treatment, basolateral media was removed from the wells and 2 ml of fresh media was added to each well. One milliliter of 4-kDa FITC-Dextran (Sigma) at a final concentration of 0.5 mg/ml was added to the apical surface of the cells and allowed to incubate at 37°C for 30 min, with PBS placed in the basolateral chamber. In addition, 1 ml of 4-kDa FITC-dextran was added to a cell-free insert. Following incubation, 200 l of basolateral contents was removed from the wells, and fluorescence (ex. 490 nm and em. 530 nm) was measured in triplicate using a fluorimeter. The A: in normal human airway epithelial cells, one CS exposure did not increase epithelial monolayer permeability as measured by FITC-dextran assay, but 2 CS exposures (2 cigarettes, 2 h rest followed by 2 additional cigarettes) did cause a statistically significant increase in epithelial monolayer permeability (*P ϭ 0.008, n ϭ 4 patients, with 3 technical replicates per patient). B: epithelial cells derived from COPD patients have a more permeable monolayer compared with normal human airway epithelial cells (*P ϭ 0.02) and have a further increase in monolayer permeability following one in vitro exposure to CS (*P ϭ 0.008) (n ϭ 4 patients, with 3 technical replicates per patient). fluorescence readings were compared with those obtained from PBS alone.
Western analysis. Equal quantities of protein were separated on an acrylamide gel and transferred to a membrane at 47 V overnight at 4°C. Following the transfer, the blots were blocked with 5% milk blocking buffer for 2 h, then incubated in primary antibody (E-cadherin, ␤-catenin, myosin IIA and B antibodies from Cell Signaling Technology) at a concentration of 1:1,000 for 3 h at room temperature. Blots were washed with 1X phosphate-buffered saline plus 0.2% Tween-20 (PBST), then incubated in appropriate secondary antibody (Bio-Rad) at a dilution of 1:10,000 for 1 h. Blots were washed 3 times with PBST, then visualized on a Li-Cor imager. Images were analyzed using ImageJ software (https://imagej.nih.gov/ij).
Immunofluorescence and immunohistochemistry staining. For immunofluorescence staining, epithelial cell monolayers were fixed in 4% paraformaldehyde in 1X PBS, permeabilized with 0.1% Triton X-100 in 1X PBS, and blocked for 1 h in 1X PBS with 10% goat-serum (blocking solution). The primary antibody, diluted to 1:200 in blocking solution, was incubated on the epithelial cell monolayer for 1 h at room temperature. The cells were then washed with PBS and incubated with secondary antibody for 1 h at room temperature. The cell monolayer was then washed and mounted on a slide. Slides were imaged using a Zeiss 510 confocal microscope and images were analyzed using ImageJ software.
For immunohistochemistry staining, tissue sections were first deparaffinized using xylene and ethanol followed by antigen retrieval with steamed citrate. Tissue sections were blocked for 30 min with Dako dual enzyme block followed by a 24-h incubation period in primary antibody (E-cadherin or ␤-catenin from Cell Signaling Technology), diluted to appropriate final concentration in PBS containing 0.3% Triton and 1% bovine serum albumin (BSA). Following 3 washes in Triton/BSA PBS, sections were incubated at room temperature for 1 h with a biotinylated goat anti-rabbit secondary antibody (diluted in Triton/BSA PBS). Sections were incubated in avidin-biotin peroxidase complex for 30 min at room temperature, followed by washing in PBS. The DAB chromogen was applied to sections and slides were imaged. Cortical tension and cell stiffness measurements. Cells were dissociated with trypsin (0.025%) for 5 min, and once dissociated collected with trypsin neutralizing solution before resuspending in media for cortical tension measurements. Cortical tension was measured in individual cells using micropipette aspiration (MPA) (19, 20, 37) . Incremental suction pressures were applied to the cell cortex using a micropipette of defined radius (8 -9 m radius, R p) until the critical pressure (⌬P), where Lp (length of the cell inside the pipette) equals Rp, was reached. The effective cortical tension (Teff) was calculated by applying the Young-Laplace equation: ⌬P ϭ 2Teff(1/ Rp Ϫ 1/Rc) where ⌬P is the critical pressure at which Lp ϭ Rp, and Rc is the radius of the cell. Image analysis was performed using ImageJ software.
The stiffness of cells in a monolayer was measured using magnetic twisting cytometry (MTC). RGD-coated ferromagnetic beads were applied to the epithelial monolayer and bound to the cell membrane through integrin receptors. The beads were magnetized in the horizontal plane using a brief large magnetic pulse. Following magnetization, a sinusoidal twisting current was applied perpendicular to the magnetic field, which caused the beads to oscillate creating stress in the epithelial monolayer, and the bead displacement was measured.
Assembled actin measurement. Equal number of cells were lysed on ice for 10 min in lysis buffer containing 50 mM PIPES (pH 6.8) and 0.5% Triton X-100. Following lysis, the samples were centrifuged at 15,000 g for 5 min at 4°C. After centrifuging, the supernatant containing unassembled G-actin was transferred to a fresh tube, 1 l of RNase A was added, and the sample was boiled for 5 min. The pellet containing assembled F-actin was resuspended in lysis buffer without Triton X-100, 1 l of RNase A was added, and the sample was boiled for 5 min. Equal amounts of sample buffer were added to the samples, and the samples were separated on an acrylamide gel and probed for actin.
E-cadherin knockdown. Cells were transfected with 1 ϫ 10 6 PFU of either a human cdh1 shRNA adenovirus for gene knockdown or a scrambled shRNA for control. Both adenoviruses also expressed a green fluorescent protein (GFP) marker so that the infected cells could be identified. After 24 h, the transfection efficiency was measured with direct visualization using fluorescence microscopy as well as Western analysis. Only fluorescently labeled cells were used for MPA.
Serum E-cadherin analysis. Serum was obtained from participants in the Subpopulations and Intermediate Outcome Measures in COPD Study (SPIROMICS), a multicenter cohort study including current and former smokers (Ͼ20 pack years) with and without airways obstruction, who completed extensive phenotyping including questionnaire, biomarker analysis, spirometry, CT scan, and outcome assessment. COPD was defined as post bronchodilator FEV 1/FVC ratio less than 0.7 and an FEV1 less than the lower limits of normal. The study and exclusion criteria have been described previously (11) . Serum E-cadherin levels were determined using a multiplex assay created by Myriad-RBM (Austin, TX). Serum E-cadherin levels were available from 1,677 participants with and without COPD at baseline. Chest CT scans were performed as described previously (11) and total percentage of emphysema was calculated using VIDA software (Apollo, VIDA Diagnostics), and defined as percentage of voxels less than 950 Houndsfield units in the inspiratory phase.
Statistical analysis. For analysis of the epithelial cell data, multiple groups were compared using one-way ANOVA with Bonferroni correction for multiple pairwise comparisons when data were normally distributed or with Kruskal-Wallis assessment when data were skewed. Two groups were compared using the Student's t-test or the Mann-Whitney rank sum test depending on normal vs. skewed distribution, respectively. Baseline data from SPIROMICS were analyzed using Stata 12 statistical software package (College station, TX, 2011). To analyze associations of E-cadherin level with COPD case status among all participants (controls without smoking history, controls with smoking history, and COPD cases), multivariable logistic regression models adjusting for smoking status, age, and race (African American vs. all others) as well as batch number (for biomarker run) were constructed. Multivariable linear regression models were constructed adjusting for the same covariates in addition to COPD case status, to determine associations between E-cadherin levels with percentage emphysema.
RESULTS
Cigarette smoke increases epithelial monolayer permeability without causing increased cell death. In NHBE cells, one CS exposure in the Vitrocell smoke chamber did not significantly increase epithelial monolayer permeability as measured by the FITC-dextran permeability assay when compared with epithelial cells exposed to humidified air (Fig. 1A) . Two CS exposures with a 1-h rest period between exposures resulted in increased epithelial monolayer permeability when compared with cells exposed to humidified air without causing increased cell death (Fig. 1A) . Similar changes in monolayer permeability were seen following three smoke exposures. In contrast, epithelial cells isolated from COPD patients at baseline formed a more permeable monolayer, and these cells were more susceptible to CS in vitro when compared with normal human airway epithelial cells (Fig. 1B) . Whereas normal human bronchial epithelial cells required at least two CS exposures to cause statistically significant changes in epithelial monolayer permeability, epithelial cells isolated from COPD patients required only one smoke exposure to cause statistically significant changes in permeability. Thus we demonstrate that epithelial cells isolated from patients with COPD have a sustained change in the epithelium compared with cells from normal hosts despite being cultured in vitro.
Adherens junction proteins are altered following cigarette smoke exposure and in COPD patients. To examine the molecular mechanisms underlying these permeability changes, we examined CS-induced changes in E-cadherin and ␤-catenin levels. NHBE cells exposed to repetitive CS had a reduction in total E-cadherin ( Fig. 2A) and the E-cadherin-binding protein, ␤-catenin (Fig. 2B ). This reduction in total E-cadherin and ␤-catenin was seen after two and three CS exposures, which corresponded to the changes in permeability described above. In addition, similar to what was seen following whole CS exposure, HBEC-3KT cells exposed to repetitive CSE in 2-h blocks over 2 days also had a reduction in total E-cadherin ( Fig. 2C) , although total ␤-catenin was largely unchanged (Fig.  2D) . Moreover, we found that after two exposures to whole CS, E-cadherin becomes reduced along the basolateral membrane ( Fig. 2E ). After both CS or CSE exposure, we have assessed cell viability using trypan blue, without evidence of significant differences in cell death. Whereas relative changes in the distribution of polymerized actin are visualized, there is no clear evidence of altered levels of total actin. Therefore, following repetitive CS exposure (including whole CS and CSE), epithelial monolayer permeability increases as E-cadherin levels decrease.
In epithelial cells isolated from patients with COPD, total E-cadherin was also decreased in whole cell extracts (Fig. 3A) . Moreover, immunohistochemistry of lung tissue sections showed that E-cadherin was reduced altogether in tissues from COPD patients, whereas in normal lung epithelia E-cadherin is enriched (arrow) along the tissue border (Fig. 3B ). In addition, ␤-catenin staining was also reduced along the epithelial border in tissue sections from COPD patients when compared with normal control patients with no history of COPD (Fig. 3C) . These findings demonstrate that the reduction in these proteins is not simply due to an overall decrease in the number of epithelial cells in patients with COPD, but due to decreased protein levels in the epithelial cells themselves.
Cigarette smoke alters the cortical tension and stiffness of airway epithelial cells. As adhesion between cells is dictated both by intercellular proteins as well as the tension of the cell to allow for contact between cell surfaces, we measured the cortical tension and cell stiffness, a related parameter, to discern the impact of CS on these mechanical parameters. The tension and stiffness of cells in a monolayer can be measured using magnetic twisting cytometry (MTC) in which magnetized beads are applied to the epithelial monolayer and made to oscillate by applying a twisting force. This assay cannot be performed in cells living at the air-liquid interface as the laxity of the transwell membrane is greater than the displacement of the beads under torque. Therefore, we used HBEC-3KT cells grown in 6-well culture dishes for this assay. MTC was performed on cell monolayers under control, short-or longterm CSE exposure conditions. Following a short-term exposure to CSE, cell stiffness was reduced in the epithelial mono- Fig. 4 . Repetitive CS exposure increases the tension of individual cells and cells in a monolayer. A: stiffness of HBEC-3KT cells in a monolayer is determined using MTC in which ferromagnetic beads are applied to the monolayer surface and displacement of beads is measured after a sinusoidal twisting force is applied to the beads. Following short-term exposure to CSE, cells in an epithelial monolayer have a statistically significant decrease in stiffness compared with cells in untreated monolayers. In contrast, following prolonged CSE exposure, cells within the epithelial monolayer show a statistically significant increase in stiffness compared with untreated controls (*P Ͻ 0.005). B: MPA was used to measure the cortical tension of individual cells. Using a micropipette of a set radius (inset), force is applied to the surface of the cell causing a portion of the cell membrane to pull into the pipette. Scale bar, 10 m. Following short-term exposure to CSE, cortical tension decreases~2-fold in smoke-exposed cells compared with unexposed cells (*P Ͻ 0.005). In contrast, following prolonged exposure to CSE, cortical tension increases~2-fold in smoke exposed cells compared with unexposed cells (**P Ͻ 0.005). C: the cortical tension of cells increases in a near linear fashion with cell passage. Cortical tension measurements were normalized to the calculated value at each passage number based upon the linear fit to the entire data set. layer when compared with cells exposed to media alone. In contrast, following exposure to intermittent CSE over a 24-h period, cell stiffness increased when compared with cells exposed to media alone (Fig. 4A) .
To determine if these changes in cell stiffness were dependent on cell-cell adhesion or were a cell autonomous effect, we measured the cortical tension of HBEC-3KT cells exposed to short-and long-term CSE using micropipette aspiration (MPA) (Fig. 4B ). This assay is performed on live cells that have been detached from the transwell membrane. In normal human epithelial cells, we found a~2-fold decrease in the normalized cortical tension of cells exposed to short-term CSE exposure when compared with cells exposed to media alone (Fig. 4B) . It is worth noting that the cortical tension measurements were performed on cells over a wide passage range (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . We observed that passage number had a profound impact on the cortical tension of the cells, increasing with passage number (Fig. 4C) . In fact, when we plotted the tension measurements as a function of passage number, we found a strong linear trend. Therefore, to address this and to avoid having to select data, we normalized the values against the calculated value at each passage number based upon the linear fit. Nevertheless, the measured decrease in normalized cortical tension indicates that cells exposed to a short CSE exposure were much softer and more deformable than unexposed cells. When the cells were exposed to long-term CSE exposure, we detected a 2-fold increase in normalized cortical tension as compared with matched control cells (Fig. 4B ). This increase in cortical tension indicates that cells exposed to prolonged CSE were much stiffer and less deformable. Multiple measurement techniques indicate that individual cells and cells in a monolayer display a biphasic biomechanical response to CSE.
Epithelial cytoskeletal remodeling occurs in response to repetitive cigarette smoke and in COPD. Increases in cortical tension of the cells indicate changes in the actin-myosin cytoskeleton. To understand mechanisms leading to these cytoskeletal changes, we examined the impact of CS on the amount and localization of the myosin II paralogs present in the cells. In HBEC-3KT cells, myosin IIA and IIB levels did not change in response to short-and long-term CSE (Fig. 5, A and B) . To determine if there are changes in myosin II localization, we used terminally differentiated monolayers of NHBE cells, and found myosin IIB is localized along the lateral cell surface ( Fig. 6A ). Following two smoke exposures, myosin IIB was still found along the basolateral surface, without change in distribution of myosin IIB in these cells following smoke exposure. As we did not see changes in myosin II, we then set to determine if there were changes in the polymerization of actin in response to CSE. Following short-term CSE exposure, there was a nonstatistically significant trend toward decreased actin polymerization compared with control cells. Following repetitive CSE, the fraction of assembled actin increased~50% (Fig. 6, B and C) indicating that there is dynamic cytoskeletal remodeling with CS which is a mechanism to explain the increase in cortical tension. Furthermore, following repetitive CS exposure there are apical actin stress fibers (Fig. 6A) .
To determine if these changes seen after subacute cellular exposure represent changes that occur with disease, we studied lung tissue sections from patients with COPD. Myosin IIB and myosin IIC were reduced compared with lung tissue sections from normal patients with no underlying lung disease. Despite this apparent overall reduction in myosin IIB, myosin IIB was preserved in the subapical compartment of the epithelium. In contrast, myosin IIA abundance and distribution appeared unchanged between normal and COPD tissue (Fig. 6D) . The increased phalloidin staining in COPD tissues compared with normal tissue sections indicates a greater concentration of actin polymerization in the COPD epithelium, indicating that our subacute findings in cells do represent changes seen in patients with COPD (Fig. 6D ).
E-cadherin and cigarette smoke have independent effects on cortical tension. Although it is known that an optimal cortical tension is required to maintain the intercellular adhesive strength of E-cadherin, the effects of E-cadherin on cortical tension are not known. To determine if the change in cortical tension following CS exposure was due to decreased E-cadherin, cells were transfected with an adeno sh-E-cadherin or an adeno sh-control virus. NHBE cells grown and differentiated on permeable inserts were infected with adeno sh-control or sh-E-cadherin for 24 h and monolayer permeability was measured at 72 h post virus via FITC-dextran assay. Viral transduction resulted in over 50% knockdown of E-cadherin ( Fig.  7A ). Interestingly, there was no difference in FITC dextran permeability between sh-control and sh-E-cadherin treated inserts indicating E-cadherin loss is not sufficient to decrease permeability suggesting more must occur for the increase in permeability observed after repetitive smoke (Fig. 7B ). Knockdown of E-cadherin in cultured cells resulted in a 2-fold reduction in cortical tension in individual cells when compared with control cells (Fig. 7 ). Since these cells were from limited passage numbers (7-10), these cells were normalized to the average control for each passage number. Following exposure to long-term CSE, the adeno sh-control cells exposed to CSE had a twofold increase in cortical tension when compared with unexposed adeno sh-control cells similar to our findings in cells not transfected with adenovirus. Moreover, both adeno sh-control and adeno sh-E-cadherin cells had a twofold increase in cortical tension from their baseline levels following long-term CSE exposure. This similar twofold increase in cortical tension, albeit from different baselines, indicates that CSE and E-cadherin have independent effects on the cortical tension of the cell.
E-cadherin levels are altered in the serum of individuals with COPD.
To determine if the observed changes in E-cadherin were recapitulated in a larger group of patients, we analyzed 1,677 individuals in the SPIROMICS cohort with available serum E-cadherin levels (reported as ng/ml). The demographics of this cohort are described in Table 1 . Briefly, the cohort consisted of 1,677 individuals, 1,049 of whom had COPD. The mean age of the cohort was 64 yr, 46% were female and 17.6% were African American. Mean serum E-cadherin level in the full cohort was 3,740.8 ng/ml (SD 1,577.9) and 3,706.8 ng/ml (SD 1,599.2) among those with COPD. After adjustment for smoking status, age and race (African American vs. all others) as well as batch number (for biomarker run), individuals with COPD had lower levels of E-cadherin compared with controls (␤, model coefficient representing the difference is Ϫ225.06 ng/ml; 95% confidence interval Ϫ402.01, Ϫ48.11; P ϭ 0.013). Additionally, higher E-cadherin levels were associated with a trend toward a lower percentage of emphysema. Specifically, after adjustment for the above covariates as well as COPD case status, a 100 ng/ml increase in E-cadherin level in the serum was associated with a lower percentage of emphysema on CT (␤ Ϫ0.028%, 95% confidence interval Ϫ0.056 to 0.00095, P ϭ 0.058).
DISCUSSION
In this study, we describe the changes in critical adhesive junction proteins and even more critical changes in the biomechanical properties of airway epithelial cells in response to repetitive CS exposure to disrupt monolayer integrity. Although the in vitro exposures occur on a subacute time frame, the findings mirror the changes in monolayer integrity measured from cells derived from COPD patients, and alterations in the actin cytoskeleton in immunofluorescence in patient derived tissue, and correlate with serum markers suggesting our model does have relevance to findings in patients with COPD, and likely contribute to COPD pathology.
Acute changes in epithelial permeability in response to CS have been noted (24, 27, 40) , with a limited understanding of the mechanisms mediating this change. COPD often develops years after the initial insult, suggesting that repetitive exposure is needed to alter the structure and function of the epithelium. In this study, we found that as few as two CS exposures cause significant increases in monolayer permeability, with alterations in the structure of key adhesive junctions. These changes are also observed in the epithelium of COPD patients without ongoing exposure to tobacco, indicating that they are not just a consequence of acute tobacco exposure. Moreover, to our knowledge, this is the first demonstration that epithelial cells isolated from the airways of patients with COPD have fundamental modifications in monolayer integrity even when isolated and cultured from the patient and appear more susceptible to the harmful effects of CS than normal epithelial cells.
These changes in permeability correspond with reduction in key adhesive junction proteins, namely E-cadherin and ␤-catenin. These changes are not only seen in epithelial cells exposed to CS, but also in lung sections from COPD patients. Moreover, the reduction in E-cadherin in COPD patients was recapitulated in the SPIROMICS cohort where we observed that COPD patients had lower levels of E-cadherin compared with controls without COPD. These observations show similar trends to observations from the COPDGene cohort (7), providing essential confirmation that CDH1 levels are observed to be altered in two patient cohorts. Thus alterations on E-cadherin appear to play a role in the pathogenesis of COPD. Although it is not clear how serum E-cadherin levels correlate with cellular levels, a preliminary assessment of 10 patients with matched bronchial brushings and serum showed a linear correlation between the two (data not shown). Although preliminary, with a very small sample size, these findings are provocative and the subject of future investigation.
The binding energies of adhesion proteins, including E-cadherin, are likely too small to account for substantial cell-cell adhesion to cause significant increases in permeability following repetitive CS exposure (12, 21, 36) . This is highlighted by our findings that E-cadherin knockdown did not affect FITC dextran permeability. Loss of the adherens junction protein E-cadherin is not significant enough to alter permeability suggesting that tight junctions which comprise the physical barrier between cells in epithelium are fairly stable once they are formed. In this study, we demonstrate that in addition to the intercellular adhesion junctions, CS impacts the cortical tension of airway epithelial cells which stabilizes these intercellular bonds. Although we have identified that a single CS exposure significantly decreases the cortical tension of the cells, this exposure is not associated with increased monolayer permeability, and given that it is a response to a single exposure, likely does not represent a mechanism relevant to COPD pathology. Consistent with this, sh-Ecadherin treated cells that decreased cortical tension did not show changes in monolayer permeability and our studies of other types of epithelia also indicate that reduced cortical tension actually facilitates adhesion formation (3) .
In contrast, the increased cellular tension following repetitive CS exposure likely does contribute to the observed increased monolayer permeability. This increased tension drives the cell to take on a more spherical form, reducing the available surface area for cell-cell adhesion. We find that this increased cortical tension corresponds to increased actin polymer levels and stress fiber formation as has been suggested in earlier studies (28) . Because we also observed these alterations in airway epithelial tissues from COPD patients, they likely contribute to the pathological tissue remodeling associated with COPD progression. Furthermore, this concept that increased cortical tension opposes adhesion between epithelial cells appears to be generalizable, as similar behaviors have been observed in primary hepatocytes and in the liver (3). E-cadherin and CS have independent and opposite effects on the biomechanical properties of airway epithelial cells. The loss of E-cadherin following long-term CS exposure and in the airway epithelium of COPD patients might serve as a compensatory mechanical response to the increased contractility and stiffness. The loss of membrane-bound E-cadherin may also free up the protein so that it can be cleaved and solubilized for its participation in tissue repair. Nevertheless, the combination of increased contractility and loss of adhesive proteins may ultimately compromise the changes in tissue integrity observed in COPD.
One important limitation to this study is that the primary cells and tissue sections obtained from COPD patients came from a limited number of donors without a full assessment of the various COPD subtypes, which is beyond the scope of this study. Future studies with samples derived from a larger patient population are required to determine if these changes will persist across different phenotypes of COPD and across patients with different smoking exposures. Despite this limitation, we have developed an in vitro CS exposure model that mimics the epithelial barrier changes seen in patients with COPD. Furthermore, we have shown that CS impacts both the adhesive intercellular junctions and the tension and contractility of epithelial cells. These architectural and mechanical alterations then further destabilize cell-cell adhesion, potentially contributing to COPD pathology.
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